This article presents an improved approach for topology optimization of tensegrity structures. The ground structure method is used to model the topology optimization problem of tensegrity structures into a mixed integer linear programming formulation. To improve the controllability of the found tensegrity structure, the nodes, besides the members, of the ground structure are treated as optimization variables, and direct and customized controls on the must-be-used nodes and on the number of struts connecting to each node are realized. A multi-objective function combining the previously used single objectives and a new developed single objective by weight coefficients is proposed to consider the multi-requirement on different aspects of tensegrity structures. Numerical examples are carried out to verify the proposed approach.
Introduction
Tensegrity structures are a special kind of self-stressed pin-jointed systems consisting of tensile members and compressive members. Since they were invented in the 1950s, tensegrity structures have attracted considerable attention from engineering and scientific communities which include building structures (Kono et al., 1999; Pedretti, 2001; Raducanu, 2001) , space structures (Furuya, 1992; Hanaor, 1993; Tibert and Pellegrino, 2002) , cell mechanics (Ingber, 2003; Stamenovic´, 2005; Xu and Luo, 2009) , robotics (Aldrich et al., 2003; Paul et al., 2006; Rovira and Tur, 2009) , and so on.
A distinguished feature of tensegrity structures is that they are stably self-stressed. The self-stressibility and stability of a tensegrity structure depend on three factors: topology (member connectivity), geometry (nodal positions), and unilateral property of members. To generate a tensegrity structure, given any two of the three factors, the other one should be properly chosen to meet the self-stressibility and stability conditions. When the topology and the unilateral property of members of a tensegrity structure are given in advance, a procedure, called form-finding, is usually used to determine the nodal positions that can ensure the self-stressibility and stability of the tensegrity structure. There are tremendous literature on form-finding of tensegrity structures, and various form-finding approaches, such as dynamic relaxation procedurebased approaches (Ali et al., 2011; Zhang and Ohsaki, 2006) , force density formulation-based approaches (Estrada et al., 2006; Masic et al., 2005; Vassart and Motro, 1999) , equilibrium matrix formulation-based approaches (Lu et al., 2015 (Lu et al., , 2016 , and finite elementbased approaches (Gasparini et al., 2011; Pagitz and Tur, 2009) , have been developed. Because all or partial nodal positions are used as variables in the formfinding procedure, the form-finding procedure has a weak control on the shape of the found tensegrity. When the topology and the nodal positions of a tensegrity structure are given in advance, the independent states of self-stress of the system can be determined by an analysis on the equilibrium matrix of the system, and any possible self-stress mode of the structure can be expressed as a linear combination of the independent states of self-stress (Calladine and Pellegrino, 1991) . For the structures with more than one independent state of self-stress, a searching/optimization procedure is needed to determine the feasible self-stress mode that is able to stably prestress the structure and meanwhile satisfy the given constraints on unilateral property of members if there are any (El-Lishani et al., 2005; Xu and Luo, 2010) . Seldom work on the determination of topology with given nodal positions and unilateral property of members was reported until recently Ehara and Kanno (2010) and Kanno (2012 Kanno ( , 2013a Kanno ( , 2013b addressed this issue using a mixed integer linear programming (MILP). The MILP method showed a promising potential in topology optimization of class-1 tensegrity structures (i.e. tensegrity structures with one strut connected to each node) under various constraints (Kanno, 2013a (Kanno, , 2013b . Note that a tensegrity structure with at most k struts connecting to each node is called a class-k tensegrity structure according to the definition given by Skelton and De Oliveira (2009) . Further to Kanno's work, Xu et al. (2016) generalized the approach for topology optimization of class-k (k ø 1) tensegrity structures. Although some practical considerations have been taken into account in these studies, there is still a margin for further improvement on the topology optimization approach oriented to engineering applications. For instance, the previous approaches could not point to whether a given node be or not be used in the final tensegrity structure. While in engineering applications, it is usually required that some nodes which are critical for the shape, support, or connection of the structural system must be used in the final structure.
Based on the previous studies, this article proposes an improved approach for topology optimization of tensegrity structures. In this improved approach, the nodes must be used in the final tensegrity structure, and the number of struts connecting to a given node can be directly manipulated. In addition, multiobjective function is developed to simultaneously optimize a number of single objectives. As a result, the improved approach provides more control on the shape and properties of the final tensegrity.
Mathematical model
The approach proposed in this article is based on the ground structure method. Ground structure method is first proposed by Dorn et al. (1964) and widely used in topology optimization of truss structures (Bendsøe et al., 1994; Cheng and Guo, 1997; Kicinger et al., 2005) . Given an initial pin-jointed structure, which is called a ground structure, any two nodes of the ground structure are connected by a member and all the members are treated as candidate members for the final structure needed to be found. As a result, the topology optimization problem is equivalent to finding a labeling of members and nodes which indicates whether each member is to be a cable, a strut, or removed and whether each node is used or removed, so that the resulted structure becomes a self-stressed tensegrity structure satisfying the given constraints and optimized in the given objective. MILP is used to find the label sets of members and nodes. Note that the stability of tensegrity structures cannot be considered within the scheme of MILP, and afterward a check is conducted to determine the stability of the possible tensegrity structure found by an MILP procedure. A schematic flow chart for the above topology optimization process is given in Figure 1 .
The ''stability'' mentioned above refers to the equilibrium stability of the tensegrity structure under the given prestress mode which satisfies the unilateral stiffness of members. Tensegrity structures usually belong to static and kinematic indeterminate systems (Pellegrino, 1990) , and few of them also belong to static indeterminate and kinematic determinate systems as observed in literature (Xu et al., 2016) and in the numerical examples of this article. For a tensegrity structure belonging to static indeterminate and kinematic determinate systems, its equilibrium stability under the given prestress state is automatically guaranteed since there is no inextensional mechanism. For a tensegrity structure belonging to static and kinematic indeterminate systems, it is said to be stable if the given prestress state is able to stiffen all the inextensional mechanisms (Calladine and Pellegrino, 1991) . It is worth noting that a stronger stability criterion called super-stability was proposed by Connelly (1982) in the view of mathematical rigidity theory, and recently Ohsaki and Zhang (2006) and Zhang and Ohsaki (2007) developed a more comprehensive stability theory including the conventional stability proposed by Calladine and Pellegrino (1991) and super-stability proposed by Connelly (1982) in engineering language. However, for the sake of simplicity, the conventional stability theory proposed by Calladine and Pellegrino (1991) is used here and its practicability has been verified by a few related works (El-Lishani et al., 2005; Xu and Luo, 2010) .
It is also worth noting that some of the definitions and constraints presented in this section have been given in literature (Ehara and Kanno, 2010; Xu et al., 2016) , and here they are briefly introduced again for the sake of readability.
In this section, a ground structure with a nodes and b members is considered. N and E are used to denote the label set of nodes and the label set of members, respectively. E j is used to denote the label set of members connecting to node j. Suppose that the ground structure has q different member lengths and let Q = {1, 2, ., q} denotes the label set. Then E can be divided into q disjoint subsets of B j (j 2 Q) which is the label set of members that have the same length.
Formulations given by literatures

Integer variable definition
To indicate the state of member i, two 0-1 variables x i and y i are used and defined as (Ehara and Kanno, 2010) 
Another integer variable m j which is defined as
is used to indicate the symmetry of a tensegrity structure (Kanno, 2013a) . Considering the definition of variable x i in equation (1), equation (2) can be rewritten as
Since x i 2 {0, 1}, equation (3) is equivalent to
where B j denotes the number of elements in B j . More details on the definition of m j can be found in the literature (Kanno, 2013a) .
Constraints
Equilibrium condition. To ensure that the structural system is self-equilibrated without external load, it should satisfy the equilibrium equation that
where A is the equilibrium matrix, and t is the vector of member internal forces (Pellegrino and Calladine, 1986) . Note that since the physical sectional size and material properties of the members are not considered in this article, the member forces used here and hereafter are actually the normalized ratios of member forces.
Unilateral internal force constraint. To ensure that each cable is in tension and each strut is in compression, the internal force t i of member i should satisfy the following linear inequalities (Kanno, 2013a) for struts,
where M and e are the positive constants and M is sufficiently large, that is, 0\e ( M. The internal force vector t can be rewritten as (Xu et al., 2016) 
where t strut is a b 3 1 vector in which the components corresponding to strut members (i.e. x i = 1 and y i = 0) are negative and all the other components are zero, and t cable is also a b 3 1 vector in which the components corresponding to cable members (i.e. x i = 0 and y i = 1) are positive and all the other components are zero. The components of t strut and t cable satisfy that
Class-k condition. For a class-k tensegrity structure, there are at most k struts connecting to each node, which can be expressed as X i2E j
Geometrical conditions. To avoid member intersection in three-dimensional tensegrity structures, any pair of intersected members i and i# should not simultaneously exist. This requirement is termed as member intersection constraint and formulated as (Kanno, 2013a) 
where P im is the set of pairs of intersected members.
Single objective function
The total number of cables used as a single objective function by Ehara and Kanno (2010) is adopted as a basic single objective in this article. This objective is given by
The aim of this objective function is to find tensegrity structure with fewest cables, which is called minimal tensegrity structure (Ehara and Kanno, 2010) .
New proposed formulations
Besides the basic variables and constraints used in the basic model, some improvements or new issues are proposed in the following to enhance the controllability and generality of the topology optimization approach.
New constraints
Constraint on must-be-used nodes. In design of a tensegrity structure for practical application, though not all the nodes in the ground structure must be used in the final tensegrity structure, it is usually required that some nodes located in critical positions must be used. For instances, the nodes located in the characteristic points for the overall shape of the structural system and the nodes located on the supports or connections must be kept. These must-beused nodes are called control nodes here. Let N C 4 N denote the set of control nodes. A new integer variable, n j 2 {0, 1}, is used to indicate whether node j (j 2 N) is a must-be-used node. The mathematical definition of n j is given as P i2E j
where E j denotes the number of elements in E j .
Constraints on number of struts connecting to single node. Although the ''class-k'' condition is proposed by Xu et al. (2016) to find a class-k tensegrity structure, the control on the number of strut connecting to the specific nodes is weak. For example, assume that the tensegrity structure needed to be found is a class-k tensegrity structure. As a result, it is required there are at most k struts connecting to each node. Meanwhile, sometimes it is further required that the number of struts connecting to some specific nodes can be appointed. A new constraint which can meet these requirements can be formulated as X i2E j x i ł k 0 Á n j , 8j 2 N and j 6 2 N S ð13aÞ
where N S 4 N is the node set with specified number of struts, k 0 is the maximum number of struts allowed to be connected to each node without specified number of struts, and k j is the appointed number of struts connecting to node j 2 N S . In this article, equation (13) is used to replace equation (9) to enhance the control on the numbers of struts connecting to the nodes.
Node stability conditions. Node stability constraint is proposed by Xu et al. (2016) , and a parameter that indicates whether all the given nodes must be used in the final tensegrity structure in the article. If the parameter is set such that all the given nodes must be used in the final tensegrity structure, the conditions that not all the given nodes be used are not included in the topology-finding process, which is a weakness of this method. Using the new integer variable n j defined in this article, the two conditions that all or not all the nodes be used in the tensegrity structure can be united as one formulation which is expressed as X i2E j
In addition, the second constraint that the members connecting to the same node should not be coplanar proposed by Xu et al. (2016) is also used in this article to enhance the possibility of finding stable tensegrity structures. This constraint is written as
where c p j is the pth coplanar member set of node j. Note that this constraint is not a strict necessary condition for the stability of some special tensegrity structures, such as the dihedral ''star'' tensegrity structures reported in literature (Zhang et al., 2010) . While trial computations reveal that most of the found tensegrity structures would be unstable systems with coplanar members connecting to the same node if this constraint is removed. In contrast, most of the found tensegrity structures are stable systems when this constraint is used, as shown in the examples in section ''Formulations given by literatures.'' Hence, to ensure practicability of the proposed approach, this constraint is employed in this article.
Geometrical conditions. Apart from the member intersection constraint, a new geometrical constraint which is named as strut length constraint here is proposed in this article. Because long struts are prone to buckle, sometimes it is required that the lengths of struts are within a given bound. This requirement can be formulated as
where l i is the length of member i, and l limit is the maximum allowable strut length.
Control parameters and objective functions
Control parameters. The first control parameter is the maximum number of struts k 0 allowed to connect to each node without specified number of struts. The second control parameter is the node set with specified number of struts N S together with the corresponding set of appointed number of struts K = {k 1 , k 2 , ., k |Ns| }. The third control parameter is the set of control nodes N c . Additionally, to control the complexity of the final tensegrity structure, the minimum number of nodes, N limit , being used in the final tensegrity structure is used as the fourth control parameter. It is given as X i2N
It is worth noting that not all the four control parameters must be simultaneously used in an implementation of the proposed approach and they can be selectively used according to the specific controls imposed by the designers.
Multi-objective function. Besides the objective function g 1 , two other single objective functions are proposed and a multi-objective function based on these single objectives is formulated.
The number of strut length types used in the tensegrity structure is used as the second single objective function g 2 which is given by
Because fewer length types of struts used usually indicate higher symmetry of the structural system (Kanno, 2013a) , this objective function aims to improve the symmetry of the tensegrity structure.
The difference among the internal forces in struts with the same length is used as the third single objective function g 3 which is given by
where B j denotes the number of elements in set B j , and P Objective function g 2 concerns only the geometric symmetry of the structure. However, the symmetry of a tensegrity structure not only depends on geometry but also depends on internal forces, that is, a set of symmetry components are not only required to be located symmetrically but also required to have the same internal force. Therefore, objective function g 3 is proposed to take the effect of internal forces on the structural symmetry account.
These single objective functions can be independently used in the topology optimization of tensegrity structures. However, the tensegrity structure found using a single objective function is only optimized in one corresponding property. For example, the tensegrity structure found using g 1 has fewest cables but usually has lower symmetry. While the practical demand on a tensegrity structure is usually multiple rooted from considerations of esthetics, performance, cost, and manufacture. Therefore, a multi-objective function combining the single objectives and weight coefficient method is proposed as
where w 1 , w 2 , and w 3 are the weight coefficients. The weight coefficients reflect the relative priorities of the single objectives assigned by the designer and should be determined accordingly. For instance, if minimization of the total number of cables is the first concern of the designer, that is, g 1 is superior to g 2 and g 3 , the weight coefficients can be determined as follows. It is obvious that 1 \ g 1 and g 2 \ |E|. Hence, let w 1 = 1 and w 2 = 1/|E|, there are 1 \ w 1 g 1 \ |E| and 1/ |E| \ w 2 g 2 \ 1, that is, w 1 g 1 . w 2 g 2 is ensured. w 3 can also be determined by a similar strategy. However, the accurate range of g 3 is not easy to be obtained. As an alternative, the upper bound g ub 3 = E j j 2 M and the lower bound g lb 3 = 0 estimated by the ranges of q, |B j | (j 2 Q), and t strut i (i 2 B j ) can be used. Then, let
Numerical examples
In this section, three numerical examples are carried out to verify the proposed approach. The constant parameters used in the examples are given as follows: d = 0.1, M = 100, and e = 0.01. Gurobi Optimizer Ver.7.0.1 (Gurobi Optimization, Inc., 2016), YALMIP toolbox (Lofberg, 2004) , and Matlab Ver. R2014a (The MathWorks, Inc., 2014) are used to solve the MILP model. Computations are carried out on a personal computer with a 4.00 GHz Intel(R) Core(TM) i7-6700K CPU and 32 GB RAM.
Example 1
In this example, a ground structure with |N| = 12 and |E| = 66, as shown in Figure 2 , is considered. The locations of the 12 nodes are the same as those of the classical diamond tensegrity with six struts and 24 cables. Seven cases where different control parameters or objective functions will be used are investigated. The purpose of the first six cases is to show a more direct and customized control on the geometrical configuration of the found tensegrity using the improved formulations. To focus on the effect of the control parameters, an objective function f 1-1 with w 1 = 1, w 2 = 0, and w 3 = 0, which is equivalent to the single objective g 1 , is used for these cases. The purpose of the last case is to show the effect of the new proposed multi-objective function. For the sake of comparison, besides the single objective function f 1-1 , a multiobjective function f 1-2 with w 1 = 1, w 2 = 1/|E|, and
is also used in the last case.
Case 1: additional constraint P i2E x i ø 5, k 0 = 1, and no other control parameters used. The aim of this case is to show the technique used by the previous formulation (Kanno, 2013a) to realize the control of the number of nodes. It is assumed that a class-1 tensegrity structure with at least 10 nodes is required to be generated from the ground structure. Because there are no node variables in the previous formulation (Kanno, 2013a) , to ensure that there are at least 10 nodes used, it needs to set the lower bound of the number of struts, which is chosen as a control parameter by the previous formulation (Kanno, 2013a) , to 5. To mimic the above control, an additional constraint P i2E x i ø 5 is temporarily added into the current formulation. The found tensegrity under the given conditions of this case is denoted by E1-TS-1 and is shown in Figure  3 (a). It is clearly shown that 10 nodes (i.e. five struts) are used by the system. More details on E1-TS-1 are given in Table 1. Case 2: N limit = 10, k 0 = 1, and no other control parameters used. The aim of this case is to show that the current formulation has a more direct control on the number of nodes. The same requirement on the found tensegrity as that used in Case 1 is adopted again here. However, instead of using the number of struts as an indirect control on the number of nodes, the control parameter N limit proposed in this article is used in this case to realize the same constraint on the number of nodes. The found tensegrity in this case is the same as E1-TS-1, which shows that the current formulation is able to impose a direct control on the number of node through the new proposed control parameter N limit . Moreover, compared with the previous technique as that used in Case 1, the current technique is more general and is able to impose more customized control on the number of nodes, which will be more clearly demonstrated in Cases 3 and 4. Case 3: additional constraint P i2E x i ø 5, k 0 = 2, and no other control parameters used. The aim of this case is to show that the previous technique on the control of the number of nodes becomes no longer applicable for class-k (k . 1) tensegrity structures. The same conditions as those used by Case 1 are adopted here except that k = 2 instead of k = 1 is used. The found tensegrity is denoted by E1-TS-2 and is shown in Figure 3 (b). A summary of it is also given in Table 1 . It is clearly shown that only six nodes are used by E1-TS-2, and thus the previous technique on the control of the number of nodes is not applicable in this case.
Case 4: N limit = 10, k 0 = 2, and no other control parameters used. The aim of this case is to show that the current technique on the control of the number of nodes is still applicable for class-k (k . 1) tensegrity structures. Similar to Case 3, a class-2 tensegrity structure with at least 10 nodes is required to be generated from the ground structure. Instead of using the number of struts, the new proposed control parameter N limit is used to impose the constraint on the number of nodes. The found tensegrity structure is denoted by E1-TS-3 and is shown in Figure 3(c) . It is clearly shown that E1-TS-3 possesses 10 nodes and meets the given requirement on the number of nodes. More details on E1-TS-3 are also given in Table 1.
Case 5: N limit = 10, k 0 = 1, and N C = {3, 7, 12}. The aim of this case is to show that the current approach is able to control the usage of the specific nodes. Further to the requirements on the found tensegrity given by Case 1 or 2, it is assumed that the three bottom nodes, that is, node 3, node 7, and node 12, are located in support points and must be kept in the structure. It can be observed from Figure 3 (a) that E1-TS-1 found in Cases 1 and 2 does not use all the bottom nodes, and thus E1-TS-1 does not meet the new requirement of this case. As a result, the control parameter N C is used to consider the new requirement. The found tensegrity structure in this case is denoted by E1-TS-4 and is shown in Figure 3(d) . It is clearly shown that the three bottom nodes are used in the found tensegrity structures. It is worth to emphasize that such a control on specific nodes cannot be realized by the previous approaches. A summary of E1-TS-4 is given in Table 1 .
Case 6: N limit = 10, k 0 = 1, N S = {3, 7, 12}, K = {2, 2, 2}, and N C = N S . The aim of this case is to show that the current approach is able to control the number of struts connecting to specific nodes. Based on Case 5, here it further requires that there are two struts connecting to each of the bottom nodes and there is at most one strut connecting to each of the other nodes. The found tensegrity structure under the given condition denoted by E1-TS-5 is shown in Figure 3 (e). It is shown that in E1-TS-5 there are two struts connecting to each of the bottom nodes. It is worth to emphasize that such a control on the number of struts connecting to specific nodes also cannot be realized by the previous approaches. A summary of E1-TS-5 is given in Table 1.
Case 7: N limit = 12, k 0 = 1, and no other control parameters used. The aim of this case is to show the effect of the multi-objective to improve the symmetry of the found tensegrity structure. With the control parameter values given above, two different tensegrity structures E1-TS-6 and E1-TS-7 are found using f 1-1 and f 1-2 , as shown in Figure 3 (f) and (g), respectively. More details of them are given in Table 1 . It is observed that both systems have 24 cables, but E1-TS-7 has a much smaller number of strut lengths than E1-TS-6. In fact, E1-TS-7 is the well-known classic six-strut tensegrity which has a threefold symmetry. While there is no other level of symmetry in E1-TS-6. This observation illustrates that the proposed multi-objective function is able to find more symmetry tensegrity structures. A more intensive investigation and discussion on the effect of the multiobjective function on the symmetry of the found tensegrity structure will be given in the next example.
The number of independent states of self-stress and the number of inextensional mechanisms of each found tensegrity structure are also given in Table 1 . It is shown that E1-TS-2 has no inextensional mechanism, that is, it is a static indeterminate and kinematic determinate systems. As a result, the stability of E1-TS-2 is automatically guaranteed. There are inextensional mechanisms in the other six systems. For each of them, it is found that the inextensional mechanism(s) can be stiffened by the state of prestress simultaneously found in the optimization process, that is, they are stable systems too. The computing times used in each case are also given in Table 1 . It is shown that Case 6 uses much more computing time than the other cases. This observation indicates that imposing control on the struts on specific nodes significantly increases the computing time.
Example 2
In this example, a ground structure with a same scale as that used in Example 1 (i.e. |N| = 12 and |E| = 66) is considered. The locations of the nodes are different from Example 1 and are shown in Figure 4 . The nodal coordinates in the given coordinate system are listed in Table 2 . It is assumed that the four outermost nodes 1-4 are the support nodes which are pin-jointed to supporting structures, and the supporting structures are assumed to be strong enough to restrain all the degrees of freedom (dofs) of the support nodes. Note that node stability constraints, that is, equations (14) and (15), are not applied to these support nodes. Three different objective functions, namely f 2-1 with w 1 = 1 and w 2 = w 3 = 0, f 2-2 with w 1 = 1, w 2 = 1/|E|, and w 3 = 0, and f 2-3 with w 1 = 1, w 2 = 1/|E|, and
, are considered to demonstrate the effect of the components in the multiobjective function on the result of the topology optimization. The control parameters are given as follows: N limit = 12, k 0 = 1, N S = {1, 2, 3, 4}, and K = 0. Moreover, l limit = 3.0 is used to restrain the lengths of struts within an acceptable range.
The solutions corresponding to f 2-1 , f 2-2 , and f 2-3 are denoted by E2-TS-1, E2-TS-2, and E2-TS-3, respectively. Their geometrical configurations are shown in Figure 5 , and a summary of them is given in Table 3 . More details on the strut lengths and strut forces of them are given in Table 4 . Table 3 shows that all the three found tensegrity structures have the same number of nodes, total numbers of struts, and total number of cables. However, E2-TS-1 has three different strut lengths and the other two only have one strut length. It can also be found from Table 4 that the internal forces of the struts in E2-TS-1 are different from each other; E2-TS-2 has two different strut forces although it has only one strut length; and all the struts of E2-TS-3 have the same internal force. This is also indicated by the variances of strut forces given in Table 3 . Compared with E2-TS-1 and E2-TS-2, E2-TS-3 is more symmetrical not only in geometry but also in internal forces. This observation clearly verifies that the main effect of g 2 is optimizing the geometrical symmetry of the found tensegrity structure, and further optimization on the symmetry of the strut forces can be realized by combining g 3 with the multi-objective function.
The number of independent states of self-stress and the number of inextensional mechanisms of each found tensegrity structure are also given in Table 3 . It can be found that all the found tensegrity structures have nonzero number of independent states of self-stress and nonzero number of inextensional mechanisms, that is, they are static and kinematic indeterminate systems. Further check reveals that all of them are stable systems. In addition, the computing times of the three solutions are 17.0, 7.6, and 17.9 s, respectively. It seems that there is no correlation between the computing time and the components of the objective function.
Conclusion
This article proposes an improved approach for topology optimization of tensegrity structures. Refined manipulations on the used nodes and on the number of struts connecting to appointed nodes are achieved by adding new constraints and control parameters to the previously developed optimization model. A multiobjective function is established to simultaneously and hierarchically consider three different single objectives aiming at optimizing different aspects of the found tensegrity. Symmetry on both geometry and internal force is taken into account in the multi-objective function. MILP algorithm is used to solve the improved optimization model. Typical examples are carried out to verify the improved approach. Multiple cases using different control parameters and objective functions are investigated. The example results show that the improved approach exhibits more direct and customized control on the geometrical configuration of the Figure 5 . Solutions of Example 2: (a) E2-TS-1 found using f 2-1 , (b) E2-TS-2 found using f 2-2 , and (c) E2-TS-3 found using f 2-3. found tensegrity. It is also shown that improved optimization of the symmetry of the found tensegrity is realized using the multi-objective function. It is believed that the improved approach is able to generate/explore tensegrity structures more suitable for engineering applications.
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